Objectives: To analyze variants of the craniofacial phenotypes in children with velocardiofacial syndrome (VCFS) and children with cleft palates with a new protocol of landmarks using a threedimensional computed tomography (CT)Yreconstructed model in a cross-sectional group experimental design. Materials and Methods: We present a retrospectively reviewed case series of 21 patients with VCFS, verified by short-tandem repeat techniques, and 20 children with cleft palate with age-and sex-matched controls from the Craniofacial Cleft Department of Oral and Maxillofacial Surgery of the 9th Shanghai People's Hospital. The records during the period between January 2005 and December 2008 were analyzed. The sample population of 41 children in this study was scanned with spiral CT. These images were reconstructed into three-dimensional models by SimPlant 11.2 and were analyzed with a new protocol of landmarks to test the variants of craniofacial phenotypes. Results: All of the children with VCFS demonstrated velopharyngeal incompetence and craniofacial deformities. Measurements in the standard coordinate system demonstrated significant shorter cranial base, cervical vertebrae, longer maxilla height, and palatal angle. For the velopharyngeal variants, greater depth but lesser width of the pharyngeal cavity was shown in the VCFS group. Conclusions: Three-dimensional CT can provide precise data on craniofacial variants in children with distinctive morphologic features of VCFS.
V elocardiofacial syndrome (VCFS) is one of most common syndromes with an incidence 1 of 1 in 2500 to 1 in 4000 and includes more than 180 phenotypes. 2, 3 It was originally described by Dr Shprintzen in 1978. Although the nomenclatures of this syndrome are different (e.g., conotruncal anomaly face syndrome, Cayler cardiofacial syndrome, and CATCH 22), most cases are linked to 22q11.2 chromosome deletion. The most common deformities are craniofacial deformities, conotruncal deformities, thymus aplasia, and developmental delay.
Additionally, the phenotypes have no significant severity difference when referring to genotypes of 3-or 1.5-Mb deletions linked to the 22q11.2 segment. Therefore, the phenotypes of craniofacial deformities play an important role in directing clinical diagnosis. Presently, we applied a three-dimensional analysis for precisely assessing the craniofacial morphology of VCFS for the following reasons:
1. Actual measurements can be obtained. 2. Definition of landmarks or planes can be standardized in an identical protocol. 3. A three-dimensional model can be rotated in random orientations. 4. The relationship of various organs can be observed. (This is difficult to detect with traditional two-dimensional cephalometry.)
More than 90% of interstitial deletions resulting in VCFS are located on chromosome 22q11.2, and the virulence genes underlying the syndrome have still not been identified. This results in a difficult diagnostic dilemma for clinical geneticists because some individuals present with syndrome-like characteristics, including unusual phenotypes of craniofacial bone and soft tissue. Investigation of the complicated characteristics of VCFS can be used to discriminate syndrome-related phenotypes from nonsyndromic cleft palate (i.e., cleft soft palate, occult cleft).
A new protocol of cranial, maxillary, mandibular, facial soft tissue, and cervical spine landmarks is measured by a threedimensional reconstructed software. This protocol of landmarks possesses a high degree of manipulability and repeatability.
Using these landmarks, one can collect and measure quantitative features of the VCFS syndrome and apply these values when referring to clinical differential diagnosis or designing surgical approaches.
Using the reconstruction technique to analyze threedimensional phenotypes in patients with dysmorphic syndromes, we compared craniofacial phenotypes in individuals with VCFS and those of patients with nonsyndromic cleft palate. We hypothesized that three-dimensional analysis of craniofacial phenotypes would predict the clinical diagnosis of VCFS in individuals demonstrating a chromosome 22q11 deletion.
MATERIALS AND METHODS
A series of 21 patients (11 boys and 10 girls) between the age of 7 and 16 years (mean age, 11.3 years) were referred to the Craniofacial Cleft Department of Oral and Maxillofacial Surgery of the 9th Shanghai People's Hospital between January 2005 and December 2008 were included in this study. The control group was composed of 20 children (10 boys and 10 girls) between the ages of 10 and 16 years (mean age, 11.8 years) with complete unilateral cleft lip and palate. Approval to conduct this study was received from the ethics committee of the Faculty of Cleft Lip and Palate Center, Jiao Tong University of Shanghai.
Deletions on 22q11.2 in all patients were identified with short-tandem repeat techniques. We selected 8 different highly polymorphic markers contained in the 22q11.2 commonly microdeleted region. Blood samples were obtained and sent for 22q11.2 short-tandem repeat deletion analysis at the South Chinese Gene Research Center (Shanghai, China). These markers and polymerase chain reaction product relative to the studied genomic region are depicted as indicated in the following sections. The genetic analysis for a child with 22q11.2 deletion is illustrated in Figure 1 .
Spiral Computed Tomography
All patients with VCFS including those with cleft soft palate, velopharyngeal incompetence, and occult cleft palate underwent three-dimensional computed tomography (CT) scanning before surgical management. The CT scans were made with a CT Lightspeed Ultra 6 (GE Medical System, Milwaukee, WI) with a high-resolution algorithm (512 Â 512 matrix, 120.0 kV/250.0 mA). The thickness of the axial images was 0.625 mm, and the image distance was 0.625 mm. All the images covering the vertex to sternoclavicular joint were continuous and not overlapping. Each subject was positioned with the Frankfort horizontal (FH) line perpendicular to the floor and the facial and neck middle line coincides with the long axis of the CT machine.
The reconstruction of slice images was performed with SimPlant 11.2 (Materialise Dental, China; Fig. 2 ) and analyzed with a protocol of landmarks (Fig. 3 ) in a coordinate system. The major Tables 1 and  2 . The horizontal reference plane was established parallel to the FH plane, which was constructed on both sides of porion and the right or crossing nasion (Fig. 4) . The midsagittal plane was drawn perpendicular to the horizontal plane H passing through the nasion and sella. The remnant planes are listed in Table 3 . Soft tissue reproduction is also illustrated (Figs. 5 and 6).
To test the reproducibility of the landmarks, a patient was chosen at random, and landmarks were identified 3 times in 1 session by 1 operator, 2 weeks after the first measurement. A paired t-test between the 2 measurements was carried out by using SAS version 6.12 (SAS, Cary, NC).
Statistical Analysis
The means and SDs were calculated for each measurement. Independent t-tests were performed to detect the different variants between syndromic and nonsyndromic cleft palate groups. For P G 0.05, the difference in measurements was considered significant.
RESULTS
The cephalometric measurements of the VCFS patients were compared with those of Chinese complete unilateral cleft palates, and statistically significant differences were found (Table 4) . 
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In the cranial measurements, cranial base angle data showed the observation of VCFS group trends toward platybasia, but no significant difference exists between the 2 groups. Smaller anterior and posterior cranial base lengths were found in the VCFS patients, so we can predict that syndromic patients had a development delay of a smaller size.
As for the facial deformities, although most parameters did not reach a significant difference, the facial height was shorter in the VCFS cohort than in the unilateral cleft lip and palate group (P = 0.0024). The upper facial height was shown to display a longer distance (P = 0.0058) similar to what earlier studies had discussed. The data indicated that the VCFS cohort may have distinct facial osseous structures and angles. The hard palatal length showed quite a deficiency in the VCFS patients compared with the unaffected side of cleft palate controls (P = 0.0162). The bone is shown in Figure 7 .
The nasopharyngeal deformities in the VCFS also showed a statistical significance in C1 length, C2 height, and velopharyngeal depth. These deformities may contribute strongly to the velopharyngeal incompetence, which plays an important role in speech outcomes.
DISCUSSION
To date, most VCFS individuals demonstrated an interstitial deletion of chromosome 22q11.2. This is a birth defect modulated by many signal events involved in normal pharyngeal system development. Distinct molecular and genetic networks that might crucially regulate important phases of pharyngeal apparatus formation and hence also contribute to the pathophysiology of this syndrome in a spatial and temporal manner are emerging. During the initial phase of pharyngeal system formation, mutation of Tbx1 and/or other genes putatively modulating Tbx1 leads to disturbing the segmentation and patterning of pharyngeal structures. 1 Consequently, the development of pharyngeal pouchYderived organs, such as thymus and parathyroid glands, is profoundly impaired. Moreover, cranial and cardiac neural crest cells are unable to invade properly the pharyngeal apparatus, leading to neural crest defects secondarily. This results in vast phenotypic variants in morphologic presentation; even more deletion syndromes may present unusual or atypical features. As for palatal variants, deformities have been reported in 69% to 100% of cases, 4 including cleft palate, submucosa cleft, velopharyngeal insufficiency, and bifid uvula.
Until relatively recently, studies of craniofacial morphology have concentrated on the delineation of characteristic features, used to visualize and discriminate facial differences between or within syndromes, or between groups with specific syndromes and nonsyndromic populations. A better understanding of factors and interactions involved in quantitative traits of VCFS also relies on a precise data set of craniofacial presentations and documentation of even more organ morphologic penetrations and expressivity. The present report describes craniofacial phenotypes in detail, using a three-dimensional computed tomography technique to classify syndromic features in multiple structures of the craniofacial region.
Many syndromes, such as conotruncal anomaly face syndromes, 5 VCFS, 4 and Cayler syndrome, 6 share similar phenotypes. For example, craniofacial deformities, soft cleft palate, or velopharyngeal incompetence are common to each of these syndromes. According to the literature, the candidate genes of these syndromes have similar overlapping deletions in chromosome 22q11.2 (named the typical deletion region). Thus, these syndromes may be due to the same etiology with some similar molecular mechanism resulting in their overlapping clinical presentations. 2 Observed from another perspective, the phenotypes identified for syndromic clefts have been studied. For example, the van der Woude syndrome that has been recently identified linked to an IRF6 mutation shows a statistically significant association with cleft palate and lower labial fistula. At present, we think that phenotype evidences in VCFS syndromes may also be divided into different groups, and all the evidence of a given phenotypic set results in distinct signaling cascades for which data can be collected. As a strategy that can play an important role in the research and diagnosis of multigene diseases, we can make such a definite diagnosis, for example, in children or when they have had limited exposure to a particular syndrome or to affected individuals of the same age or ethnicity. Thus, the objective analysis of dysmorphic craniofacial growth is potentially useful in assisting clinical diagnosis and in training clinical geneticists.
Objective techniques for analyzing facial abnormality, for example, anthropometry, 7 cephalometry, and photogrammetry, were previously surveyed. Anthropometric studies of the head and neck have documented characteristic features and the progressive change of these features over time for a number of dysmorphic syndromes, such as Taybi syndrome, 8 Sotos syndrome, 9 and FIGURE 5. Soft tissue reconstruction and reference landmarks on P_S. 10 Stereophotogrammetry using multiple images to calculate three-dimensional measurements has proved more consistent than direct measurement. 11 Many studies combined methods of lateral, anteroposterior, and basilar cephalometry, which are familiar to the clinicians. The techniques of geometric morphometrics and cephalometrics are 2 structured approaches to the analysis of landmarks for shape variation. In our study of VCFS, 23 girls and 18 boys with histories of Chiari malformation, cervical FIGURE 6. Nasopharyngeal landmarks in this study. Magnetic resonance imaging has emerged as a promising method for a noninvasive three-dimensional assessment of the velopharynx. 13 However, the report of Ruotolo et al did not show the variants of hard tissue and soft tissue simultaneously in a coordinate system and provided limited phenotypic anatomy for VCFS. Typically, studies use a limited set of reproducible landmarks that are biologically homologous because there are few such landmarks on soft tissue surfaces such as the face. Clinical diagnosis via these traditional techniques has become incompetent and inexact. In our study, exact soft tissue landmarks on P_S to predict the features of VCFS were compared with studies using a lateral x-ray cephalometry. Therefore, a coordinate system of landmarks built by threedimensional computed tomography contributes to adjusted biological features in a direct and efficient manner and helps clinicians diagnose morphologic changes with convenient parameters. 14 Our approach tested this variant data by interpolating a detailed set of reproducible landmarks. Because of morphologic deformities in the velopharyngeal region, soft tissue landmarks become essential for patients with syndromes, for example, for those requiring pharyngoplasty in the treatment of speech problems. It is estimated that in approximately 75% of the patients having velopharyngeal portion valving disorder, many anatomic features of VCFS contributed to the inadequate VP function. The defects could be located in the soft palate, adenoids, pharyngeal, and osteal pharyngeal cavity. According to cervical measurements, C1 and C2 showed a significant shorter length and height in the syndromic group, which can lead to a more difficult physical management and poor outcomes. Most patients with a diagnosis of this syndrome in our center were strongly suggested to have surgical intervention. The longer upper facial height in VCFS, which contributed to the overall face height, showed a significant difference between the groups. This longer upper facial height accentuated the patient's distinct midfacial features.
In the current study, the speed of image capture is important when young and potentially uncooperative children undergo scanning. The three-dimensional devices we used to acquire images of skeletal and soft tissue structures were significantly more convenient and quicker than cephalometric systems. In future studies, distinct groups of VCFS with other special genotypes will be tested, and more patients with precise measurements will be assessed, helping us to further discriminate syndromic variants from nonsyndromic presentations.
